Chromium oxide (Cr 2 O 3 ) is commonly used as an atmospheric plasma-sprayed (APS) coating from powder feedstock in applications requiring resistance to sliding wear and corrosion, as well as amenability to texturing, e.g., in anilox rolls. Recently, high-velocity oxy-fuel spray methods involving suspension feedstock have been considered an extremely promising alternative to produce denser and more homogeneous chromium oxide coatings with lower as-sprayed surface roughness, higher hardness and potentially superior wear performance compared to conventional APS-sprayed coatings. In this study, the impact of process parameters namely auxiliary air cleaning nozzles and a transverse air curtain on suspension high-velocity oxy-fuelsprayed Cr 2 O 3 suspensions is presented. The produced coatings are characterized for their microstructure, mechanical properties and wear resistance by cavitation erosion. The results reveal the importance of optimized air nozzles and air curtain to achieve a vastly improved coating structure and performance.
Introduction
Thermally sprayed chromium oxide coatings are known to exhibit a very high hardness of up to 1900-2000 HV 5N 10) have also been explored. One of the greatest challenges in spraying Cr 2 O 3 is its high volatility at high temperatures encountered during spraying, leading to formation of gaseous species according to in a dry atmosphere or in a moist atmosphere. Although the above gaseous species cannot be verified from samples of thermally sprayed Cr 2 O 3 coatings, Cr(VI)has been detected therein (Ref 14) . The vaporization also lowers significantly the deposition efficiency (DE) and can adversely influence coating quality. To hinder vaporization, among other benefits, specific additives, such as TiO 2 Thermal spraying with suspension feedstock is increasingly emerging as an attractive extension of the traditional thermal spray coating methods. In suspension spraying, the feedstock consists of fine particles suspended in an aqueous or organic solvent. The technique is used with both plasma and HVOF spray processes and aims to achieve finer, even nanosized microstructures, thereby altering the properties of the coating significantly. Indeed, one of the main advantages is the injection of fine particles directly into the flame, circumventing the problems of poor flowability associated with fine powder feedstock. Currently, suspension spraying technology has matured to the point of emergence of various commercially available sources for feedstock. However, knowledge on the spraying of these feedstocks and functional performance of the resulting coatings, particularly for wear applications, is scarce and needs to be comprehensively explored. Especially in the case of Cr 2 O 3 , the underlying problems of volatility and reduction reactions during spraying still exist and need to be tackled systematically in order to establish economical feasibility, technical capability and reproducibility of the process. In this study, we reveal the path of parameter screening used for optimizing S-HVOF spraying of Cr 2 O 3 suspension. In the process, the impact of spray parameters varied, i.e., oxygen/fuel ratio, suspension feed rate and spray distance on coating properties is also established. Additionally, different auxiliary air cooling/ cleaning systems attached to the S-HVOF spray process were evaluated to enhance the removal of unmelted fine particles during coating (Ref 1). The coatings are characterized based on their cross-sectional microstructures, Vickers microhardness and surface roughness. The best coatings from the final optimization were also subjected to cavitation erosion tests to determine their structural integrity.
Experimental Methods

Coating Deposition
The coatings were deposited on stainless steel (AISI 316) substrates with a TopGun HVOF system (GTV GmbH, Luckenbach, Germany) using ethene as the combustion gas. The spray torch was modified for liquid feedstock spraying by an in-house made injector with an internally mixing two-fluid atomizing nozzle and a conical combustion chamber, where the suspension was injected axially. Nitrogen was used as the atomizing gas for the suspension. The process parameters are presented in Table 1 and a schematic presentation of the suspension injector in Fig. 1 . A commercially available suspension feedstock was used in this study (AuerCoat ® Cr 2 O 3 Suspension, Treibacher Industrie AG, Althofen, Austria). The solid content in the suspension was 40 wt.% of Cr 2 O 3 (> 99% purity) in water, and the size of the particles was d 10 = 0.2-0.8 μm, d 50 = 2-5 μm and d 90 = 5-10 μm. The suspension was fed with an in-house made pressure-vessel-type feeder connected to a closed-loop mass flowmeter for the liquid. A suspension feed rate of up to 53 g/min was used, corresponding to a solid feed rate of 21 g/min. Flat substrate specimens grit-blasted with 180-220 mesh alumina were affixed on a plane during spraying and air cooling was utilized. The investigated parameters were as follows: spray distance, airflow through air cooling nozzles, air pressure of an air curtain, amount of suspension feed and the amount of total combustion gas flow (given in Tables 2 and  3 ). The substrate temperature was monitored with an infrared thermal camera (TI300, Fluke Co., Everett, WA, USA), and it was ensured that the temperature of the sample did not rise above 250 °C. A new spray pass was started when the temperature dropped to 200 °C. A pair of Silvent 209L (Silvent AB, Borås, Sweden) air cooling nozzles ("1." in Fig. 2) , one preceding and one following the spray torch, 
Coating Characterization
The coating cross sections were characterized with a scanning electron microscope (SEM) (IT500, JEOL Ltd., Tokyo, Japan) with a 15 kV accelerating voltage, and the crosssectional microhardness values were averaged from five indentations made with a Vickers microhardness tester (MMT-X7,Matsuzawa Co., Ltd., Akita, Japan) at a load of 300 grams. Surface roughness values (S a ) of the specimens were measured with an InfiniteFocus G5 (Alicona Imaging GmbH, Austria) optical profilometer over an area profile of 1.62 × 1.62 mm 2 . Cavitation erosion tests were performed with an ultrasonic transducer (VCX-750, Sonics and Materials Inc., Newtown, CT, USA), according to the ASTM G32-10 standard for indirect cavitation erosion. The vibration tip, made of a Ti-6Al-4 V alloy, was placed at a distance of 0.5 mm from the sample surface and vibrated at a frequency of 20 kHz with an amplitude of 50 μm. The coated samples were cleaned in an ultrasonic bath with ethanol and weighed after drying. Samples were periodically weighed after 15, 30, 60 and 90 min of testing. The sample surfaces were tested as-sprayed. The length of the cavitation test 
Results and Discussion
Influence of Spray Distance
The starting parameters for the initial investigation of the coatings originated from our previous experience with liquid feedstock HVOF spraying and from the spray parameters used by Toma et al. (Ref 23) . The parameters are presented in Table 1 . To assess the role of gun-to-substrate standoff distance on coating quality, specimens were first sprayed at four spray distances of 80, 90, 100 and 110 mm. From the cross sections of the resulting set of coatings shown in Fig. 3 , it is evident that all the coatings have visible interfaces between successive spray passes, which could be attributable to the presence of some microporosity, dust or vaporized and condensed Cr 2 O 3 . This is likely to diminish the structural integrity of the coating. All the coatings also exhibited cracking, either in the vertical or horizontal directions or both, suggesting excessive thermal loading from the relatively short spray distance. Regardless, the coating hardness values measured in the range 950-1400 HV0.3 were comparable to the value of 1400 HV 0.3 obtained by Toma et al. (Ref 23 ). The deposition rates were also reasonable at roughly 5 μm per pass, which is consistent with our experience with HVOF spraying of Cr 2 O 3 powders. The as-deposited coating surfaces were found to be increasingly uneven (higher S a ) when moving to shorter spray distances, as seen in the surface morphology images in Fig. 3 and also quantified by the roughness values in Table 2 . This phenomenon is speculated to arise from the higher surface temperature trapping more fine particles that are not directly deposited, . This leads to greater deposition on surface asperities of the substrate for shorter spray distances. As a suitable compromise between hardness and roughness, spray distances of 80 and 90 mm were chosen for the ensuing parametric studies. Additionally, it became clear that cleaning the surface of unmelted/condensated fine chromia particles between the coating layers could be beneficial in reducing interpass porosity. Therefore, air nozzles were mounted on both sides of the torch (see arrangement 1 in Fig. 2) .
Influence of the Airflow of Air Cooling Nozzles
The flow in the air nozzles could be adjusted between 0 and 600 slpm with an accuracy of 50 slpm. By manually determining flow rates that would be high enough without apparently interfering with the spray plume, the flow rates to be investigated were chosen to be 400 and 600 slpm. Apart from the spray distances of 80 and 90 mm chosen based on the preceding set of experiments, only the suspension feed was varied for a couple of runs, roughly halving it to 23 g/ min to assess the corresponding influence on coating quality. In all the coatings, there was still fine particulate dust visible at the spray pass interfaces, as seen in the exemplary cross-sectional micrographs from coatings in Fig. 4 . Some horizontal and treelike cracks were seen in the coatings at the spray distance of 80 mm (see Fig. 4c ), regardless of the airflow in the nozzles. This suggests that 90 mm is the more suitable spray distance, as it keeps the temperature of the substrate/coating system better under control with milder heat cycling. In particular, H-90-400-0 and H-90-600-0 exhibited no cracking and their cross sections seemed quite coherent. The hardness of both coatings was around 1350-1400 HV 0.3 . It is also evident that 600 slpm airflow is excessive with 80 mm spray distance (coating H-80-600-0), as the airflow appears to promote column formation by the fine particles (Fig. 5c, left) , due to the higher airflow promoting deviation of the trajectory of the still molten fines, leading to a slightly cauliflower-like surface structure often associated with a columnar structure (Ref 27) . This apparently increases the measured pass thickness and, coupled with crack formation from the dissimilar thermal history of the coating layers, leads to subpar hardness of less than 800 HV 0.3 (as compared to the ca. 1400 HV 0.3 for H-80-0-0 and H-80-400-0). The additional 10 mm distance between the air nozzles and the substrate seems to make a significant difference between H-80-600-0 and H-90-600-0, as is evident from Figs. 4c and 5c.
Influence of the Suspension Feed Rate
One set of experiments involved keeping the 600 slpm air nozzle flow rate, but reducing the suspension feed rate by approximately a factor of two (to 23 g/min, coatings L-80/90-600-0). As expected, the corresponding deposition rate dropped to 2 μm/pass. Although these coating runs were interrupted, they clearly revealed that the longer spray distance of 90 mm led to a significant drop in hardness while at a spray distance of 80 mm the coating exhibited promising hardness. This difference could possibly be attributed to higher degree of atomization of the suspension followed by a more pronounced scattering of droplets in the flame when compared to the higher feed rate. This would lead to the smaller droplets losing their momentum with the longer spray distance combined with the strong stagnation zone from the air nozzle flow. Due to the inconclusive results, the lower feed rate was decided to be also investigated in the following step while maintaining the flow rate through the air nozzle at 400 slpm.
Influence of the Air Pressure, the Transverse Air Curtain and Fuel Gas Flow
The pressure for the air curtain was chosen to be 0.2, 0.4 and 0.7 MPa to facilitate removal of fine particles without affecting melting of the particles excessively. Even with 0.2 MPa of transverse air curtain pressure, an improvement was seen in the coating microstructure as less pronounced interpass porosity and a more homogeneous surface topography, which is shown in Fig. 6 . With increasing air curtain pressure, the surface roughness of the coatings was generally found to be lower while the hardness values remained the same or slightly increased, as given in Table 3 . At the same time, the thickness per pass was essentially unaltered. The beneficial effect of the air curtain was seemingly achieved with 0.4 MPa pressure, as can be seen in the images for SD = 90 mm in Fig. 6 . It is pertinent to note that the surface and cross-section images do not show additional improvement when the pressure was further increased from 0.4 to 0.7 MPa. The surface roughness did not improve either when the air curtain pressure was increased from 0.4 to 0.7 MPa. Therefore, an air curtain pressure of 0.4 MPa was used to investigate the effect of a lower feed rate of 20 g/min (coating L-90-400-4), which led to the deposition rate being halved while the hardness lowered slightly and the roughness remained the same.
The higher air curtain pressure of 0.7 MPa was chosen when evaluating the effect of higher gas flow of the fuel and oxygen in H-90-400-7(g). The choice was made to ensure that the curtain is powerful enough even with the increased density of the flame of the torch. The increased flame velocity led to a lower deposition rate, through a combination of a lower suspension feed and likely either less melting of the feedstock due to the shorter dwell time or a reduction in the velocity of the particles prior to impact due to a stronger stagnation zone close to the surface. This stagnation can lead to a reduction in perpendicular velocity for small particles to almost zero, while the radial velocity can reach 100 m/s (Ref 35) , easily leading to off-normal impact and consequent deposition of the particles. (Ref 36 ) The shorter dwell time may in insufficient time to melt the particle thoroughly, even though the higher total gas flow often leads to an increase in particle temperature. (Ref 37) However, the temperature is always measured from the surface of the particle, and the convection and conduction of the heat inside the particle takes time. (Ref 38) An increase of 80 slpm, in an example of a DJ-2600 Hybrid, of gas flow would increase the particle velocity by 70 m/s and its temperature by 30 °C. (Ref 37) Therefore, it is likely that the reduction in the dwell time has more influence than the increase in temperature.
The hardness was lower and the roughness higher when compared with H-90-400-7. 
Physical Characterization of the Coatings
Microhardness and Roughness
The hardness and as-sprayed roughness values of all the coatings are summarized in Fig. 7 . It can be said that, generally, the hardness of the coating increases with shortening of spray distance, while the roughness increases. The addition of the air nozzles improved one or both of these properties while increasing the reliability and homogeneity with the exception of H-80-600-0, where the airflow was seemingly causing too much turbulence at this short spray distance.
By addition of a transverse air curtain, the coating structure was found to become more homogeneous, eliminating the variability in hardness values of the coatings already with a 0.2 MPa curtain pressure (coating H-90-400-2). This would indicate effective removal of fine particles that end up as defects in the coating, thereby compromising the structure. At 0.4 and 0.7 MPa transverse air curtain pressure, both the hardness variability and surface roughness were improved. Higher combustion gas flow led to slightly lower hardness and higher roughness as did the lower feed rate of suspension.
Integrity and Cohesion of Coatings as Studied by Cavitation Erosion
In the final stage of the study, the cohesion of the coatings in the H-90 series of spray runs was evaluated by cavitation erosion experiments. The coatings deposited with a spray distance of 90 mm were selected from previous examinations based on the prima facie promising overall quality of coatings (microstructure, hardness and surface roughness). Past studies have shown that cavitation erosion is a good indicator of the structural cohesion of a ceramic coating and the cavitation erosion resistance is hindered by poor splat-tosplat adherence (Ref 39, 40) . This makes it ideal for testing the effect of fine particle removal from splat boundaries. The results from the cavitation erosion tests are presented in Fig. 8 .
It is seen that the use of an air curtain with moderate pressures is advisable: with 0.2 and 0.4 MPa air curtain pressure, the cavitation resistance is increased, indicating improved cohesion likely due to a lower amount of poorly bonded fine particles at the splat boundaries. Increasing the air curtain pressure to 0.7 MPa decreased the cavitation resistance slightly, probably due to a decrease in the particle velocities and temperature leading to less impact energy and bonding between splats. Interestingly, higher combustion gas flows that would normally increase bonding, led to even less cohesion of the coating. This derives possibly from an increase in the amount of defects, which the higher surface roughness would indicate as well. Surface images of H-90-400-7 and H-90-400-7(g) are presented in Fig. 9 before (a) and after cavitation erosion (b). In the as-sprayed surfaces, no clear difference in the amount of dust or unmelted particles can be seen. However, in H-90-400-7(g), a larger amount of protrusions are found-such as pointed by the white arrow-that likely cause the higher surface roughness. These, in unison with weak splat interfaces, provide low-energy pathways Fig. 9b ), large areas of well-melted splats can be seen in H-90-400-7 (white arrows), while such regions are sparse in H-90-400-7(g). This lends credibility to the idea of cooling/slowing of the particles during spraying, leading to less cohesion and a lower melting degree. It is believed that the majority cause of the weakening of the structure is due to the formation of the more pronounced stagnation zone due to the short spray distance, which affect the trajectory and velocity of the particles (Ref 36), and in a smaller part unmelted dine particles.
Conclusions
In this study, the effect of process parameters during SHVOF spraying of a Cr 2 O 3 suspension on coating quality was investigated. The evaluated parameters were as follows: spray distance, flow rate of auxiliary air cooling nozzles for surface cleaning, pressure of a transverse air curtain for the removal of fine particles and excess heat load, total combustion gas flow and suspension feed rate. Other parameters were kept constant. All coatings were deposited with good efficiency, but the quality varied drastically. The need for auxiliary systems became clear, as fine unmelted particles were deposited on the splat interfaces, i.e., between passes of the torch. The coatings were evaluated by their microstructure, hardness, surface roughness and cavitation erosion resistance.
The conclusions can be summarized based on the parameters as follows:
• Spray distance While a longer spray distance produced a smoother, cleaner coating, the hardness values were superior with shorter spray distances. A distance of 90 mm was found to be optimal. • Air cooling nozzles The benefit of the surface cleaning effect of the nozzles was clear in improving the coating cohesion. However, too much airflow could cause too much turbulence at the surface, leading to higher surface roughness and lower hardness. An airflow of 400 slpm was sufficient in this study. • Air curtain An improvement was seen immediately with even the lightest air curtain pressure of 0.2 MPa, visibly reducing the amount of defects between spray passes. The reduction in heat load on the samples also reduced the roughness of the coatings. While all pressure levels improved the coating, the optimal structure and cavitation erosion resistance were found with 0.4 MPa. • Fuel gas flow The higher fuel gas flow led to a stronger stagnation zone close to the sample surface, decreasing the velocity and deflecting the trajectory of the particles which decreased the hardness and cavitation resistance and increased the surface roughness. Additionally, the shorter dwell time led to less melting of the particles, causing a lower deposition rate. • Suspension feed rate Lowering of the suspension feed rate by half did not bring about any improvements in the coating structure, but led to a reduction in deposition rate.
The optimization path in this work gives encouragement in the development of high-performance oxide coatings from suspension feedstock. After optimization, the coatings have good mechanical properties with a decent deposition rate, with still room to improve. Further studies should be directed toward optimizing the amount of suspension feed as well as gas flow parameters of the torch, along with different combustion chamber geometries and the effect of air curtain pressure on particle velocity, temperature and trajectory.
